Primary amine-functionalized glass slides obtained through a multi-step plasma treatment were conjugated with anionic amino acids. Interactions of osteosarcoma TE85 cells with the functional surfaces were probed on both protein and gene expression levels.
Introduction
In recent years, steady progress has been made in constructing functional tissue engineering (TE) scaffolds for tissue replacement. [1] [2] [3] In addition to the chemical, physical and mechanical integrity of the material, [4] [5] [6] focus has been directed toward assessment of the biocompatibility of these artificial TE scaffolds. 7 When exposed to a cellular environment, an acceptable TE scaffold should not trigger an apoptotic (programmed cell death) pathway. Ideally, the material will instead assist the site of implant to resume its normal function. For instance, an ideal artificial bone implant should not only withstand the necessary mechanical loading, but also promote the synthesis and secretion of extracellular matrix (ECM) proteins of surrounding/invading bone cells and facilitate the nucleation and growth of biominerals.
The evaluation of cell-material interactions, however, is far from straightforward. One difficulty associated with interpreting the interactions of cells with a 3-D synthetic material is that it is hard to separate out the influence of chemical modifications from various physical factors, such as surface roughness, porosity and the pore size of the scaffold. Therefore, a general strategy for isolating one contributing factor at a time, such as the role chemical modifications play in cell-material interactions, is desired.
Here we propose the use of 2-D functional surfaces to assist the evaluation of specific interactions between cells and functional ligands, an important step in an iterative material design approach toward a biocompatible 3-D functional scaffold ( Fig. 1) . Specifically, we propose to display ligands In vitro analyses performed with cells cultured on these functional surfaces will be used as a measure of cellular responses to specific chemical modifications. Only non-cytotoxic ligands will be further used for 3-D scaffold construction. Ligands exerting adverse effects on cells of interest will be either rejected or modified to improve their biocompatibility. convenient surface modifications. In vitro analyses performed with cells cultured on these functional surfaces can then be used as a measure of cellular responses to specific chemical modifications. Functional ligands will be either rejected, modified for improvements, or established as biocompatible and enter the next phase of 3-D scaffold construction.
To realize this strategy, we developed a surface functionalization approach based on plasma treatment that introduces reactive primary amine functionalities and subsequent straightforward bioconjugation chemistry that attaches various ligands of interest. Although primary amines can be introduced by reacting glass surfaces with aminosilane derivatives, [8] [9] [10] [11] we favor the plasma treatment approach as it can be applied to a wide range of substrates including glass, metals, ceramics and polymers without significant modifications to the experimental protocol. In this case study, the effects of osteosarcoma cell interactions with mineral binding ligands on both protein and gene expression levels were probed.
Experimental Surface functionalization
A multi-step plasma treatment (hydrocarbon treatment followed by allylamine treatment) on plain microscope glass slides (3 in 6 1 in, Corning, NY, USA), performed at 4th State, Inc. (Belmont, CA, USA), yielded primary amine-functionalized slides. The plasma-treated slides were then immersed in a 25% (v/v) glutaraldehyde aqueous solution placed over an orbital shaker at rt for 16 h. After removing excess glutaraldehyde and rinsing with Millipore water, the aldehyde-functionalized slides were then placed in 40 mg mL
and tetrapeptide Gly-Asp-Ser*-Ser* solutions (solubilized by the addition of KOH, pH 7-8), respectively. The coupling via Schiff base formation was allowed to proceed at rt for 16 h over an orbital shaker. The procedure is depicted in Fig. 2 . After being rinsed with Millipore water and air-dried, the functionalized slides were stored in a dessicator until further analysis or used directly for cell culture experiments.
Surface elemental analysis of functionalized surfaces
The covalent coupling of glutaraldehyde and amino acids to the glass surfaces was confirmed by X-ray photoelectron sprectroscopy (XPS) analysis performed on a PHI 5400 ESCA/ XPS instrument. All surface elemental analyses were performed at a 45u takeoff-angle with a 400 W Al anode X-ray source. An average from analyses performed over three randomly selected areas for each functional surface was reported.
Contact angle measurements
The wettability of each functionalized surface was characterized by contact angle measurements. The static contact angles were measured with a goiniometer within 10 s after depositing a water droplet on the surface of interest. At least three droplets of water were placed over each surface type and the angles were reported as an average of all measurements.
Cell culture
Human osteosarcoma TE85 cells were seeded onto six types of glass slides (L-Asp, L-Glu, L-Ser, Gly and NH 2 functionalized slides as well as plain glass slides, 5 slides for each surface type) and tissue culture polystyrene (TCPS) control at an initial density of 5000 cells cm 22 . Cells were cultured at 37 uC in a humidified incubator with 5% CO 2 in Osteoblast Growth Media (OGM, Clonetics Walkersville, MD, USA) supplemented with L-ascorbic acid 12 and Clonetics OGM Differentiation SingleQuots (containing b-glycerolphosphate and hydrocortisone) 13 and 1 nM dihydroxyvitamin D3. 14 
Fluorescence labelling of aldehyde-modified surfaces
Aldehyde-functionalized slides were reacted with Texas Red hydrazide (0.3 mM, Molecular Probes, Eugene, OR, USA) in 2-[N-morpholino]ethanesulfonic acid (MES) buffer (0.1 M, pH 6.1) with or without 3 mM NaBH 3 CN 15 at rt overnight. Plain glass slides were exposed to Texas Red hydrazide under the same condition to account for non-specific adsorption of the fluorescent dye. After thoroughly rinsing with water to remove excess dye, these slides were incubated under cell culture conditions in Osteoblast Growth Media supplemented with differentiation factors described above for 6 and 32 h. Images of the slides before and after incubation with cell culture media were acquired on an Olympus BX51 fluorescent microscope equipped with a digital camera. The same magnification and exposure time were applied for all slides. The mean fluorescence intensity of each image was calculated by an image processing software ImageJ.
Optical microscopy
Optical microscopy images of TE85 cells attached on functionalized surfaces, plain glass and TCPS control at 6 and 32 h after initial cell seeding were acquired with an inverted light microscope (Nikon Eclipse TS100) equipped with a digital camera. Cell attachment and spreading on each surface were examined.
Cell lysate collection
After 6 and 32 h of culture, TE85 cells attached to functionalized slides and TCPS control were lysed in RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate, 0.02% sodium azide) in the presence of protease inhibitors. Crude lysates were shaken at 4 uC for 30 min before they were centrifuged and supernatants collected. 
COLOUR FIGURE
each surface type were pooled for the 6 and 32 h isolation, respectively.
Total protein content determination
The total protein content of cell lysates was determined using a BCA Protein Assay Reagent Kit (Pierce, Rockford, IL, USA).
Quantitative DNA assay
The DNA content of cell lysates collected from various surfaces at 6 and 32 h was determined using a PicoGreen dsDNA quantification kit (Molecular Probes, Eugene, OR, USA).
Alkaline phosphatase (ALP) assay ALP activity was determined by a fluorescence assay (Alkaline Phosphatase Reporter Gene Detection Kit, Sigma, St. Louis, MO, USA). The assay was performed on culture media collected 6 and 32 h after initial cell seeding. The fluorescence intensity was recorded on a Spectra Max Gemini XS fluorescence plate reader (Molecular Devices, Sunnyvale, CA, USA).
Detection of osteocalcin
Osteocalcin (OC) secreted to the culture media was quantitized using microtiter plate immunoassay (Mid-Tact Human Osteocalcin EIA Kit, BTI, Stoughton, MA, USA). 16, 17 The concentrations of osteocalcin secreted in media by TE85 cells cultured on all surface types and at time points of 6 and 32 h were determined following the manufacturer's protocol.
Western blots
Cell lysates collected from various surfaces at 6 h (4.5 mg per lane) were separated on Criterion XT pre-cast gels (10% BisTris, Bio-Rad Laboratories, Hercules, CA, USA), and electrotransferred to nitrocellulose membranes (VWR Scientific Products, Brisbane, CA, USA). After blocking with 5% non-fat milk, the membranes were incubated with mouse monoclonal fibronectin IgG (1 : 1000, Sigma Chemical, St. Louis, MO, USA), mouse monoclonal vitronectin IgG (1 : 1000, Sigma Chemical, St. Louis, MO, USA) and mouse monoclonal a-tubulin IgG (1 : 5000, Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 1 h at rt, respectively. Visualization was performed with a horseradish peroxidase (HRP)-conjugated secondary antibody, goat anti-mouse IgG-HRP (1 : 5000, incubated for 1 h at rt, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and the ECL 2 Advance Western Blotting Detection Kit (Amersham Biosciences, Piscataway, NJ, USA). The blots were imaged with a ChemiDoc XRS Photodocumentation System (Bio-Rad Laboratories, Hercules, CA, USA).
RNA isolation and microarray chip hybridization
In a parallel experiment, TE85 cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM, Gibco, Carlsbad, CA, USA) supplemented with 10% FBS, 100 U mL 21 penicillin and 100 mg L 21 streptomycin on various anionic surfaces and TCPS. Total RNA was isolated at time points of 6 and 32 h using Qiagen RNeasy Kits (Qiagen, Valencia, CA, USA). The RNA isolated from each sample was quantified by the absorption at 260 and 280 nm, and characterized by denaturing agarose gel electrophoresis (data not shown). Non-degraded RNA samples were then reverse transcribed, amplified, labelled, hybridized to Affymetrix U133A Human GeneChips, and scanned at the Microarray Resource Center at Boston University.
Statistical analyses
Each gene on the chip is represented by several unique oligonucleotides (a probeset) and is used to quantify the level of a gene transcript present in the sample. To determine which transcript levels changed significantly between the different surfaces, robust multi-chip analysis (RMA) 18, 19 that minimizes the likelihood of false positives was performed. The single expression values generated using RMA for each probeset (gene) was summarized and sorted by probeset. For each probeset there were 10 data points corresponding to different time (6 and 32 hours) and surface conditions.
A two-way ANOVA analysis was then performed for each of the 22,283 probesets with respect to time and surface treatment and the interaction term of time and surface treatment using a model generated with Stata (Stata Corporation, College Station, TX).
7 Genes (probesets) with significant p values (p v 0.001) were considered differentially expressed.
Results and discussion
Amine-functionalized glass slides were obtained via plasma treatment. Unlike ammonia plasma treatment, 20 the allyl amine plasma treatment used here preferentially introduced primary amines over secondary amines on the surface of hydrocarbon-coated glass slides, [21] [22] [23] exposing maximum reactive sites for further functionalization. XPS analysis (Table 1) showed that the plasma-treated glass surface was fairly well covered by hydrocarbons and amines, exposing a negligible amount of Si (Si/C y 0.03) from the underlying glass substrate.
As shown in Fig. 2 , upon exposing the amine functionalizedslides to glutaraldehyde, reactive surface aldehydes were installed which were then readily coupled with ligands of interest. We attached a number of amino acids and peptides including L-Glu, L-Asp, L-Ser, Gly, L-Ser* and Gly-Asp-Ser*-Ser* to the slide surface via Schiff base formation. These surface ligands vary in both the number and the type of anionic residues. Anionic amino acids L-Glu, L-Asp and L-Ser* as well Table 1 Average O/C, N/C and Si/C ratios from XPS surface elemental analysis and water contact angles of plasma-treated glass slides and amino acid-functionalized slides b The static contact angles were measured within ten seconds after depositing a water droplet on the surface of interest.
as hydroxy amino acid L-Ser have been identified as abundant residues in acidic mineral nucleating ECM proteins of various calcified tissues. [24] [25] [26] [27] [28] Although their roles in controlling the nucleation, growth and stabilization of transitional phases of biominerals in calcified tissues are still under debate, the incorporation of these ligands in artifical bone-like scaffolds to stimulate mineral integration is an intriguing idea. The straightforward surface modification presented here serves as a convenient way to present potential mineral-binding ligands for the investigation of their interaction with both biominerals and bone cells.
All functionalized surfaces including the intermediate aldehyde-functionalized surface were characterized by XPS and contact angle measurements. XPS analysis showed relative changes of N/C and O/C ratios consistent with the respective surface derivatizations (Table 1) . For instance, a drop in N/C ratio and an increase in O/C ratio is expected when the surface is modified from NH 2 -terminated to aldehyde-terminated. It is also expected that Asp-terminated surface should show a higher O/C ratio and a comparable N/C ratio than the Glyterminated surface since the former contains 1N and 4 O's per surface residue while the latter contains 1 N and 2 O's per surface residue. These were indeed what we observed experimentally. We also observed a slight increase in Si levels after each ligand attachment ( Table 1 ). The exposure of a small amount of Si-O glass surface is likely to arise from mechanical abrasion during the functionalization and the subsequent extensive rinsing process. Dectection of P on phosphorylated surfaces has not been consistent (data not shown), likely due to varying degrees of b-elimination of the phosphate groups occurring during Schiff base formation under slightly basic conditions. Suffering from low reproducibility, the phosphorylated surfaces (Ser* and Gly-Asp-Ser*-Ser*) were therefore excluded from further in vitro evaluations.
The wettability of each functionalized surface was determined by contact angle measurement. A lower water contact angle indicates a more hydrophilic and polar material surface. As expected, the contact angles of the anionic surfaces were lower than both the primary amine-functionalized control slide and the aldehyde-functionalized slide (Table 1) . Among all, L-aspartate and L-glutamate-modified surfaces gave the smallest contact angles, reflecting the most polar charactistics (two carboxylates per site of modification) of all surfaces examined. It is interesting to note that the L-Ser-functionalized surface gave rise to a much higher contact angle than the Glyfunctionalized surface. Intermolecular H-bonding between the carboxylate and hydroxyl groups exposed at the L-Ser surface may have contributed to the lowering of its overall hydrophilicity.
To probe the chemical stability of Schiff base linkage (NLC) in aqueous cell culture conditions, a fluorescence labelling study was conducted. Texas Red hydrazide was covalently conjugated to the aldehyde-terminated glass slides under nonreductive and reductive conditions, yielding fluorescentlylabelled surfaces containing NLC and the more stable N-C linkages, respectively. As shown in Fig. 3 , after 6 and 32 h incubation with cell culture media, slides labelled under both conditions maintained their fluorescence intensity at comparable levels. This suggests that the Schiff base linkage is stable under cell culture condition for at least 32 h, and is therefore suitable for the current investigation. However, for experiments that will involve longer incubations of functional slides in aqueous media where hydrolysis of the Schiff base could pose a serious problem, formation of the more stable N-C bond via reductive amination may be considered as a practical alternative.
To determine whether the anionic surfaces exert intrinsically adverse effects on the proliferation and osteogenic potential of bone cells, we exposed these functionalized slides to osteosarcoma TE85, a human bone tumor cell line, at a constant seeding density and under identical culture conditions. Human osteosarcoma TE85 cells are easy to culture and are known to express osteoblastic phenotypes. [29] [30] [31] They have been widely used as experimental models for investigating osteoblast functions. [32] [33] [34] [35] [36] [37] [38] Optical images acquired at 6 h after initial seeding (Fig. 4) showed that TE85 cells attached to and spread over all surfaces examined. Cells attached to anionic and primary amine surfaces adopted well-spread morphologies that were comparable to those observed on TCPS. In contrast, fewer TE85 cells attached to the plain glass surface at 6 h after initial seeding, and these cells showed a more rounded morphology. This result is expected as it is known that untreated microscope glass slides are not suitable substrates for cell attachment. These plain glass slides were therefore excluded from further assays. TE85 cells attached to anionic surfaces proliferated at a comparable or higher rate than those attached to TCPS. By 32 h, a near-confluent cell layer was formed on every anionic surface (image not shown). Cell proliferation was also evidenced by quantitative DNA assays performed on cell lysates collected from various surfaces at 6 and 32 h, as shown in Fig. 5 . This result confirms that anionic surfaces were superior substrates for attachment and proliferation of TE85 cells compared to TCPS.
ALP activity is a marker of early osteoblastic differentiation. 39 We compared the alkaline phosphatase activity detected in the cell culture media at both time points to probe the effect of anionic surface ligands on normal differentiation of bone cells. Normalized ALP activity was plotted as a function of culture time and surface ligands. As shown in Fig. 6 , TE85 cells cultured on the tested anionic surfaces secreted more alkaline phosphatase into the culture media over a period of 32 h than at 6 h, while no significant increase of ALP activity after 6 h was detected with cells cultured on TCPS or amine functionalized glass surfaces.
We also monitored the expression of osteocalcin, a major non-collagenous protein of bone and a marker of osteoblast maturation. 14, 39 While the precise biological function of osteocalcin is not known, it is the most specific marker of osteoblastic function described to date. 40 Although the majority of osteocalcin is deposited into the extracellular matrix of bone, a small fraction of it is secreted directly into the circulation in vivo. We compared the amount of osteocalcin secreted in media by TE85 cells cultured on various surfaces in the presence of 1,25-dihydroxyvitamin D3, a differentiation factor known to stimulate osteocalcin production when supplemented for a short duration in culture.
14 Normalized OC activity was plotted as a function of culture time and surface ligands. As shown in Fig. 7 , TE85 cells showed varied degrees of sustained osteocalcin seretion in culture media during proliferation on different surfaces, with higher levels of ALP detected in cultures performed on anionic surfaces.
The expression of the ECM proteins vitronectin and fibronectin, as well as the cytoskeletal protein a-tubulin by TE85 cultured on anionic surfaces and TCPS control at 6 h was monitored by Western blot (Fig. 8) . We observed a slightly lower expression of a-tubulin in TE85 cells cultured on anionic surfaces, whereas the expression of vitronectin and fibronectin seem to be stimulated by culture on the anionic surfaces. Taken together, our in vitro analysis results suggest a favorable interaction between TE85 cells and wholly synthetic mineral binding anionic motifs, suggesting an osteophilic nature of these ligands. It is tempting to draw a parallel between this observation and the critical role anionic non-collagenous ECM proteins play in bone formation and remodelling in nature. Finally, we compared the gene expression profiles of TE85 cultured in expansion media on the anionic surfaces vs. 4 TE85 cell attachment and spreading on anionic functional surfaces, TCPS, NH 2 -functionalized surface and plain glass control at 6 h after initial seeding. Scale bars are 100 mm. Note that TE85 cells attached and spread on anionic surfaces and the primary amine surface with morphologies similar to those observed when attached to TCPS. In contrast, fewer cells were attached to the plain glass surface at 6 h after initial seeding, with more rounded morphologies. transcript levels at 6 and 32 h time points as the cells attached and proliferated on the functionalized surfaces. Statistical analysis (p v 0.001) identified a relatively small set of differentially expressed genes for each anionic surface relative to TCPS from over 22,200 well-substantiated human genes. Among them, no genes directly related to the activation of apoptotic pathways were identified. This is consistent with the minimal cytotoxicity of these anionic ligands observed in cell culture experiments. We also did not observe differential expression of genes encoding osteogenic markers such as osteocalcin and alkaline phosphatase, which may be attributed to the non-differntiating culture condition used for the microarray study. The complete gene expression data are available in the NCBI Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo/) 41 under accession numbers GSM15785-GMS15795.
Conclusion
We have developed a straightforward surface modification method for investigating the effects of functional ligands on cellular processes. These data will be useful in the design and evaluation of the biocompatibility of 3-D tissue engineering scaffolds. The presentation of functional ligands on a 2-D surface reduces the number of interfering factors to cellular process in a 3-D scaffold to primarily chemical modification. It makes the interpretation of in vitro analysis results more straightforward.
In this study, we probed the interaction between osteosarcoma TE85 cells and anionic ligands with potential mineral binding capabilities. Cell attachment and proliferation were not adversely affected by the anionic ligands displayed on functionalized slides. Instead, the anionic surfaces promoted the expression of osteogenic marker proteins osteocalcin and alkaline phosphatase, as well as ECM proteins fibronectin and vitronectin under differentiation culture conditions. Microarray analysis confirmed that culturing TE85 over anionic surfaces does not activate apoptotic pathways. Collectively, these results suggest from a biocompatibility standpoint that the mineral-binding anionic ligands examined here may be used in the further development of 3-D artificial bone-like scaffolds. It is worth noting that although osteosarcoma cell lines have been shown to be appropriate models for studying integrin subunit expression, cell adhesion, and the regulation and production of osteocalcin, it is arguable whether they are suitable models for studying proliferation and alkaline phosphatase activities. 34 It remains to be seen how normal human osteoblasts respond to these ligands.
This method can also be extended to other tissue engineering applications via linker manipulation and alternative coupling chemistries. A wide range of ECM mimetics (e.g. proteins, peptides, oligo-and polysaccharides) intended for artificial tissues can be directly exposed on a 2-D platform and cellular responses to these chemical ligands can be analyzed before the construction of a 3-D scaffold is pursued.
